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OWEA project: Intra wind tarm tlows — Simulation
of wind farm flows with a large-eddy simulation
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¥ Velocity deficit > Lower energy yields of wind turbines in the
wake

¥ Increased Tl - Larger loads at wind turbines in the wake

¥ So far, simple engineering wake models or Reynolds-averaged
Navier-Stokes simulations used for wake calculation

¥ Now: HPC clusters allow for large-eddy simulations
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Challenges for LES of wake flows: boundary
conditions |

— > mean flowdirection As long as no infinitely large wind farm

" ¥ shall be simulated, cyclic boundary
conditions might bias the results, as wake
enters the model domain again and
modifies the flow upstream of the wind
farm

\} flow internal turbulence

With non-cyclic boundary
conditions the inflow is
laminar - a very long model
domain is required to
generate flow-internal
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Non-gfcrllk)c%%rfjcr?dary conditions with
turbulent inflow: initial turbulence is
created by a prerun, recycling of
turbulence in the main run =2
turbulent inflow, small domain
sufficient
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Challenges for LES of wake flows: boundary

conditions Il
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non-cyclic: laminar inflow, no upstream
turbulence = no realistic wake
turbulence, waves
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Challenges for LES of wake flows: simultaneous
resolution of the ABL flow and the wake flow

¥ Model domain has to be large enough to contain the largest
turbulence elements of the ABL flow

¥ Model resolution has to be fine enough so that also the
turbulence generated by the wind turbine can be resolved

explicitly
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Both challenges can be addressed with the LES
model PALM

Atmospheric (+oceanic) code: PArallelised Large-eddy simulation Model
(PALM) (Raasch and Schroter, Meteorol. Z., 2001); allowing the prescription
of a turbulent inflow using the recycling method of Lund et al., 1998

+
Access to powerful supercomputers:
HPC cluster FLOW with 2232 cores at the
Carl von Ossietzky University of Oldenburg:
Solely dedicated to wind energy research;
SGl Altix ICE at HLRN (Berlin/Hannover)
with about 25000 cores;

!

Simulations with up to 40962 grid points:
- model domains: several tens of km?
- grid resolution of about 1 m




Wind turbine parameterisations in PALM:
1. Actuator disc model (uniformly loaded)

¥ No consideration of rotational effects
¥ Integration of thrust force over time

ufree
u rotor

F=—=CAuU’ Jimenez et al. (2007)

1 1
F = —ECtA{—a urzotor] Calaf et al. (2010)




Impact of atmospheric stability on wake effects in
the wind farm alpha ventus:
Setup of the simulations

« 1586(3072)x768x288 GP

 resolution: 6 m

« cyclic prerun + main run with
stationary model domain and
turbulent inflow

« roughness length from
Charnock relation

 Prescribed near-surface heat
flux (0.005 or 0.03 Km/s)

« Actuator disc model: about 400
cells in rotor swept area

e CPU time: 41 h (288 PEs), for 1
h of simulated time




Impact of atmospheric stability on wake effects in
the wind farm alpha ventus

u/u_inflow(x,y) averaged over 1800 s at hub height
0.005 Km/s: 0.03 Km/s:
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Impact of atmospheric stability on wake effects in
the wind farm alpha ventus

u(x,z) averaged over 1800 s (row AV7 — AV9)

0.005 Km/s:
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Impact of atmospheric stability on wake effects in
the wind farm alpha ventus

X in'm u avg y/u_avg y inflow (x)

|
1.05 0.005 Km/s

===p (.03 Km/s|
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Faster decay of the velocity
deficit with larger near-
surface heat flux!
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Impact of atmospheric stability on wake effects in
the wind farm alpha ventus

i i u_avg_y/u_avg_y_inflow (x)
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Impact of atmospheric stability on wake effects in
the wind farm alpha ventus: wake extension

xinm
1 1 1 1 I 1 1 L 1 I 1 1 L 1 I L 1 1 1 I L 1 1 L
300 - untere Begrenzung (0.005) A
1=-==-—- obere Begrenzung (0.005) i
d eemeeeee- untere Begrenzung (0.03) K 0.03 Km/s
250 ] ————- obere Begrenzung (0.03) T ~
] 12'1
007 a0 AT 0.005 Km/s
c g =
£ 150 4 -
M
100 -
50 -
LL"IJ‘L. " :
0 L L L R s

4000

5000 6000 7000 8000




Impact of atmospheric stability on wake effects in
the wind farm alpha ventus: wake extension

Turbulence intensities u,, v; and w, (averaged along y)
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Impact of atmospheric stability on wake effects in
the wind farm alpha ventus
res. turbulent momentum flux uw averaged over 1800 s and

along y
0.005 Km/s: 0.03 Km/s:
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Wind turbine parameterizations in PALM:
2. Actuator line model

Additional lift and drag forces that attack along rotor lines are realized by
additional body forces in the Navier-Stokes equations

FL = G.ECLUE‘?[{E . ﬂ.l‘}
Fp = 0.5C,UZ%, (¢ Ar)

\ﬁ,l

l projection

Fy = Fpcosgp + Fpsing

-~ Fg = Fysing — Fpcosg

Vel :relative velocity

Vi :incoming velocity RegU|arlzatI0n
Q :angular velocity kernel for

\ o Vi =T(1-a) o :angle of attack

y  :pitch angle (GaUSSIan)
arve=nra) | smearing of wind
turbine effects:
\Incalchnrd length from Wu and Porté-Agel, 2011 F=F®7
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Wake flows simulated with the actuator line model

« PALM simulations using actuator line method
« 1536*512*256 grid points, A =1m, At=0.01s
« CPU time (turbulent flow): 1 week on 1024 PEs of SGI-Altix-ICE -

..

;?stream fliw

laminar u
+ tower
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Study: impact of surface conditions on wake flows

Isosurfaces of vorticity (instantaneous)
land surface: sea surface:
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Study: impact of surface conditions on wake flows

Velocity profiles in dependency on the distance from the WT
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Study: impact of surface conditions on wake flows
Wake extension in vertical direction

land surface:
xinm (WT bei x=150m)
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Recovery of the wake deficit

land surface:

70 %
75 %
80 %
85 %
90 %
95 %
98 %
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sea surface:
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ison between actuator disc and actuator

line model |
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Comparison between actuator disc and actuator
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OWEA project: Inter wind farm flows —
Parameterization of wind farm effects in the meso-
scale model COSMO

|
Stand: OH12.2010

http://www.offshore-wind.de

Wind farm wakes might play an
ht_tp://gaillatheaB.gmu.dk/bilIeder/satelIiteeye/projekter/ Important rOIeI Adjacent Wlnd
wind/Wind_16_L.jpg farms should be accounted for!
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scale model COSMO

¥ Using LES for the study of inter wind farm effects is difficult, as
LES is computationally too expensive

¥ Atmospheric flow field would have to be simulated over
distances of several tens of kilometers

¥ Resolution of some meters would be required for an adequate
representation of wind turbines in the LES

¥ Therefore, inter wind farm flows (i.e. wake effects of wind farms)
are currently studied with the means of meso-scale simulations
and especially developed wind farm parameterizations




Mesoscale model used here: COSMO LM

W The LM (Lokalmodell) is a non-hydrostatic,

mesoscale, limited-area

atmospheric prediction model. The LM has been developed at the DWD

and is run operationally since 1999.
W Set up of simulation:

Resolution: 2.8 km (7 km)

Grid points: 200 x 200 (149 x129)
Vertical layers: 55 (near surface 15 m
PBL parameterization: Mellor-Yamada 2.!
Forcing data: ERA Interim
Simulated day: March 1st, 2010
Wind farm: 27.8 x 28.1 km?2
Wind turbines: 5 MW, h=92 m,

r=58m, d=800m

March 1st, 2010, 22 UTC
Velocity component u

5 10 15 20

wind speed [m/s]

latitude [deg]




Lettau Wind Farm Parameterization (WFP)

YW \WFP Type: modified (enhanced) surface roughness length
Wbased on Lettau 1969, applied by Rooijmans (2004) and Barrie and

Kirk-Davidoff (2010).

W Modification: The surface roughness length (z0) only depends on

geometrical measurements.

1000

750

height [m]

h ...vertical extent of roughness elements,
(for wind farm = rotor diameter D)

S, .. the vertical cross-section area presented
to the wind (11(D/2)?) by one wind turbine

S, ...the total wind farm area divided by the
number of wind turbines
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Calaf Wind Farm Parameterization

W \WFP Type: modified (enhanced) surface roughness length
W based on Calaf et al. 2010

W Modification: The surface roughness length (z0) is a function of
geometrical measurements and roughness characteristics

wind speed (WFP Calaf)

1000 ! L | 4
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5 500 - L
. ‘© £
h ...hub height = 5 =
D .. rotor diameter 250 -8
Z,,o--unmodified surface roughness length
Cq... friction coefficient based on horizontal surface
K... von Karman constant Qe
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Blahak (WRF) Wind Farm Parameterization

W \WEFP Type: adding enhanced drag, that is generated by wind turbines

Wbased on Adams and Keith 2007, Blahak et al. 2010, the WFP is already
implemented by Fitch in the Weather Research and Forecasting (WRF)

model Version 3.3 wind speed (WFP Blahak)

W Modification: horizontal winc ™ i 7 1
speed deficit and an additional |~ T R
TKE term are calculated forall ... ... S Py
layers, that are intersected by = ool TR et e :

I e S S S e s ; o T -6

the rotor area, and added
to the tendencies of the
horizontal wind speeds and
TKE, respectively.
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Parameterization of wind farm effects - future work

¥ Grid spacing of mesoscale simulations is of the order of several
kilometers — wind farm alpha ventus cannot adequately be
represented in a mesoscale simulation

¥ Verification of the implemented parameterizations should be
done by comparison with LES data and with LIiDAR
measurements downwind of the wind farm Bard Offshore | in the
GW Wakes project

¥ Parameterizations will certainly need to be improved: so far the
topology of the wind farm layout is not taken into account,
further investigation of the proportionality constant a is required




Summary

\ 4

4 4 «

On HPC clusters, it is possible to simulate wind turbine wakes
and intra wind farm wakes and resolve the relevant scales of
turbulence with the LES model PALM

The interaction between ABL flow and wake flow and the
dynamics of wakes can be studied

An adequate setting of inflow boundary conditions is important
Both a large model domain and a high resolution are required

Different wind turbine parameterizations are applied in PALM:
Actuator disk and actuator line approaches

Mesoscale simulations of inter wind farm flows show that large
wind farms have a considerable impact on regional flow
conditions
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Thank you for your attention!
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Performance of PALM on IBM-Cluster

PALM scaling on HPC-FLOW PALM scaling on HPC-FLOW
Set 1: "small" run (256 x 256 x 64 grid points) Set 2: "large" run (2048 x 2048 x 256 grid points)

100000
5000.0
—&— total —&—total
——pres ——
P ‘ 10000 - pres
«w500.0 —¥— prognostic n " —%— prognostic
£ eq. £ eq.
L] . w
£ mpi_alltoall E mpi_alltoall
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number of slots

A The ,small run scales almost linearly up to 128 CPUs

A The ,large” run scales even superlinearly for 64 to 256 CPUs — CPU time is reduced more
than half when number of processors is doubled. For more than 256 CPUs, the performance
is slightly reduced but still very good (ratio of CPU time needed for communication between

CPUs to total CPU time is increasing)

ForWind ¥

Center for Wind Energy Research




Example: result for simulation with actuator disc
model

(2)

Turbulence intensity  wi(2) = Zul?)

u(z)

Temporally averaged u at hub height ata distance of

75 m behind the rotor layer

u X in m _ _ _ _ _
Angle (wind direction, line hub—sensor) in °
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Impact of near-surface heat flux on wake effects in
the alpha ventus wind farm
vi (in %) averaged over 1800 s

0.005 Km/s: ..., 0.03 Km/s: Cinm
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pha ventus wind farm
(in %) averaged over 1800 s
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Impact of surface conditions on the wake
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Blahak (WRF) Wind Farm Parameterization Il

Major steps of the derivation of this parameterization (following Blahak (2010)):

. . Plo i
¥ Power output of a wind turbine:  P(vrn) = Cpmv7d;

W Cp can be divided in an aerodynamic part and a loss factor:Cp = CMaimecn

: . P(vrn)
W The aerodynamic part can thus be written as: ~ Cal(vrn) = pmhﬁ T

Telmech —5~ Vrp
2 ,

W Instantaneous time rate of loss of kinetic energy due to wind power
production in volume enclosing one wil

. P Up
Erin = — (rh) ~ — Cqlvrn) // ﬂvﬁdﬂ
wp Nelmech ) 2

Center for Wind Energy Research




Blahak (WRF) Wind Farm Parameterization Il

Major steps of the derivation of this parameterization (continued):

W Kinetic energy in the model consists of kinetic energy of the mean flow and
the turbulent kinetic energy 2t

Frink = // / (u? +v* +w?)dzdyde =

Axr Ay zp

A2 H2 H2 ##;'5
+ 02 + w? + v+ w _
( 5 + 5 ) P1Vi

0 [ 0 (u%{—v%—kwﬁ
n 2

< _ Y Vi )
ot Rk = 5y PUeVE )
Ek’in,grt’d,k

L

0 ST
—( 5 ,Olk:vk;)
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Blahak (WRF) Wind Farm Parameterization IV:

Major steps of the derivation of this parameterization (continued):
W Assumption: gain of turbulent kinetic energy is proportional to the loss of
total kinetic energy

pik Vi TKE,&‘ = —« Ekm,k
wp wp

W Therefore, the rate of change of kinetic energy of the grid volume averaged
flow is

Erin.gridk = (1 + ) Ekink

- wp local number of wind turbines per area
¥ which finally leads to /
dvpk Oa,(v?gf)) fij vﬁk I(zg, zp+1) <— Rotor area within grid
py = —(1+a) — volume
widrag,tke “k+1 “k
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Blahak (WRF) Wind Farm Parameterization IV:

Major steps of the derivation of this parameterization (continued):

Oa(v,,(,if)) fis vine L (21, 28 41)

wp “k+1 — 2k

TKE with Blahak TKE with Calaf
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Comparison between actuator disc and actuator
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Comparison between actuator disc and actuator
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